In vitro cultures, at different stages of morphogenesis, were established from leaves of Leucojum aestivum (Amaryllidaceae) for determination of their galanthamine content, an alkaloid that possesses cholinesterase inhibitory activity and which is used for the treatment of Alzheimer's disease. A suitable HPLC method for qualitative and quantitative determination of galanthamine in both in vitro and in vivo extracts has been developed. Confirmation of the identity of galanthamine in sample extracts was achieved using LC-MS-MS. A correlation was observed between the state of differentiation and the galanthamine content of the tissue cultures. No galanthamine was detected in the roots grown in vitro, while all bulblets grown in vitro showed the presence of this alkaloid, with dramatic variations in concentration levels, according to the growth substance balance. The best result (6.79 x 10 -3 % of D.W.) was obtained with bulblets initiated with NAA (10 µM) combined with BA (0.5 µM).
Leucojum aestivum L. (summer snowflake) (Amaryllidaceae) alkaloids are known to exhibit a wide range of biological activities, which include analgesic, antiviral [1] , antimalarial, antineoplastic [2] and central nervous system effects. Recently, galanthamine, an isoquinoline alkaloid common to this family, has been shown to possess cholinesterase inhibitory activity (AChE) and has undergone clinical trials for the treatment of Alzheimer's disease [3] [4] [5] . For medical application, galanthamine is mainly isolated from plant material, especially from L. aestivum bulbs [6] . Unfortunately, the natural source is insufficient to satisfy the growing demand from the pharmaceutical market. Moreover, there is a risk of extinction of this species from its natural habitats in Bulgaria.
Production of galanthamine in in vitro cultures can be an alternative way to obtain this valuable metabolite, as has been shown with Narcissus, also a member of the Amaryllidaceae [7] . To the best of our knowledge, only two papers on in vitro cultures of the genus Leucojum have been reported [8] [9] . Their alkaloid identification has been carried out by GC-MS but without quantitative determination [10] . Various HPLC procedures for the separation and quantification of galanthamine have been established in Narcissus [11] [12] [13] [14] [15] . However, the procedures for quantification were not compatible with MS detection. The aim of this work was to establish different tissue cultures, at different stages of morphogenesis of L. aestivum in order to increase galanthamine biosynthesis. We report in this paper, for the first time, the qualitative and quantitative determination of galanthamine in extracts of L. aestivum wild bulbs and from in vitro organs by using an RP-HPLC system with different detection techniques (photodiode array detector, mass spectrometry).
Tissue cultures
Among the twelve previously tested media [9] , four were chosen which proved to be the most beneficial for the induction of somatic embryogenesis [Murashige and Skoog mineral medium (MS) containing Picloram (10 µM), combined with benzyladenine (BA) (0.5 µM))] and organogenesis (bulblets and roots) [MS mineral medium containing BA (5µM), combined with naphthalene acetic acid (NAA) (5, 10, 25 µM)] in L. aestivum. MS medium without growth regulators was used as a control.
Somatic embryogenesis progressed via an indirect route, through callus. After about 6 weeks, embryogenic callus developed on the cut surface of the explants cultured on MS medium supplemented with 10 µM of Picloram and 0.5 µM of BA. The obtained callus was yellowish in colour and nodular. After about 14-16 weeks, somatic embryos ( Figure  1a ) were formed from the callus. Torpedo stage somatic embryos ( Figure 1b ) were transferred from initiation medium to the medium containing 5 µM BA combined with 0.5 µM NAA for plant regeneration. The same medium was also used for regeneration of tulip somatic embryos [16] . Plantlets of L. aestivum were subcultured into medium containing 6% sucrose for bulblet induction ( Figure  2c ). Increasing the amount of sucrose in the culture medium has also enhanced bulb development in other bulbous plants, like tulip [16] . Direct organogenesis was noticed to occur on explants grown on the medium lacking growth regulators and on those enriched with NAA (5, 10, 25 µM) combined with BA (0.5 µM) ( Table 1) . Bulblets were formed on explants cultured on medium free of growth regulators (0.4 bulblets / explant). The medium supplemented with NAA caused elongation of explants and the development of roots and bulblets. Bulblet (Figure 2a ) and root ( Figure 2b) formation were most effective in the medium containing 10 µM NAA and 0.5 µM BA. In the same way, Stanilova et al. used NAA -containing medium to directly induce bulblets in L. aestivum cultures [8] . 
Galanthamine analysis
We checked the ability of the in vitro cultures of L. aestivum to produce galanthamine by comparison with the galanthamine content of in vivo bulbs. These bulbs and 3-month-old bulblets and roots produced by explants of L. aestivum were examined for their galanthamine content by RP-HPLC. The optimised gradient profile (Table 2) an extract of in vitro bulblets showed excellent separation of the galanthamine peak, allowing the quantification of this alkaloid. As shown in Table 3 , dramatic variations in galanthamine content could be observed. Growth regulator concentration and mixtures influenced these variations. It is worth noticing that all bulblets grown in vitro, initiated with or without growth regulators, contained galanthamine (1.14 to 6.79 x 10 -3 %, dry weight), but no galanthamine was detected at the beginning in the in vivo grown bulbs used for the establishment of the in vitro cultures. Eichhorn et al.
[6] also did not find galanthamine in wild bulbs of L. aestivum. Bulblets obtained with the highest concentration of NAA (10 µM) combined with BA (0.5 µM) produced the highest level of galanthamine (6.79 x 10 -3 %, dry weight). The galanthamine content in bulblets obtained via embryogenesis and cultured with NAA (0.5 µM) in combination with BA (5 µM) was found to be at an intermediate level (4.74 x 10 -3 %, dry weight). In contrast to the differentiation of bulblets, the differentiation of roots did not allow galanthamine synthesis. It has been suggested that the regulation of specific alkaloid biosynthetic genes could be controlled by specific developmental programs [17] . 
Experimental
Plant materials: Thin slices (about 1 -2 mm) of leaves isolated from L. aestivum L. bulbs (from the market) chilled at 5°C for 12 weeks were used as initial explants. Plant material was surface-sterilized in 70% ethanol (1 min), then shaken for 15 min in 15% Domestos® (with sodium hypochlorite and sodium hydroxide content below 5%, Unilever, Hungary) and rinsed 3 times in sterile water.
Somatic embryogenesis
Callus induction: Initial explants (25 slices of leaves) were cultivated on the Murashige and Skoog (MS) [18] medium supplemented with auxin [4-amino-3,5,6-trichloropicolinic acid (Picloram)] (10 µM) and cytokinin [benzyladenine (BA)] (0.5µM). The medium was supplemented with 3% sucrose, adjusted to pH 5.5 before autoclaving and gelling with 0.8% agar (purified agar from Difco). The cultures were maintained at 25 ± 2°C in the dark and subcultured every four weeks.
Multiplication of callus and induction of somatic embryos:
Embryogenic callus was separated from primary explants and multiplied on initiation media [MS, Picloram (10 µM) and BA (0.5µM)] during 8 weeks.
Regeneration of plantlets and bulblets from somatic embryos:
Plant regeneration was induced by transferring the globular embryos to the MS solid medium containing 5 µM BA, 0.5 µM NAA and 3% sucrose. The medium had a pH value of 5.8. Cultures were placed in a growth chamber and maintained at 25 ± 2°C under constant artificial light (900 lx) (LF-40 W lamp daylight -Pila). The growth and development of plants were evaluated for a onemonth period of culture. Bulblets regeneration was promoted by subculturing the plants (for 1 month) in an MS medium supplemented with 5 µM BA, 0.5 µM NAA and 6% sucrose (pH 5.8), and placed under the same light and temperature conditions as the plants.
Organogenesis

Bulbs and roots induction:
Initial explants (25 slices of leaves) were cultivated on MS medium either without growth regulators or supplemented with auxin [NAA (5, 10, 25 µM)] added to cytokinin [BA (0.5 µM)]. The media were supplemented with 3% sucrose and adjusted to pH 5.5 before autoclaving, and gelled with 0.8% agar (purified agar from Difco). The cultures were maintained at 25 ± 2°C in the dark and subcultured every four weeks.
Statistical analysis:
The results of observations were evaluated by analysis of variance and by using Duncan's multiple test.
Galanthamine analysis:
Two groups of plant material were analyzed for their galanthamine content, first, leaves and scales from the market and secondly, three-month-old bulblets obtained with or without growth regulators and roots obtained from in vitro cultures. Plant material was lyophilized, powdered and 150 mg of powder was macerated in methanol (10 ml) for 24 h, with sonication for 90 min during the extraction in an ultrasonic bath (Transsonic 460 / H Elma) at room temperature. After centrifugation at 4000 rpm for 20 min, the mixture was filterd through 0.2 µm filters, and the total methanol extract was analysed using an RP-HPLC system. This system consisted of a Gilson pump type 321 , an injector with a 20-µL loop, and a diode array detector, type SPD-M10A VP (Shimadzu). The column used was a 250 x 4.6 mm Platinium (C18, 100A, 5µ) purchased from Alltech. Analysis was performed at 45°C. Elution was carried out using a binary gradient system: solvent A: triethylammonium acetate 30 mM; solvent B: acetonitrile (HPLC grade). The gradient was that described in Table 2 . Galanthamine quantification was performed at 280 nm. An external standard method was utilized for calibration (four points calibration), with reference to a solution of authentic galanthamine (Sigma Aldrich). Retention time and concentration level repeatability were determined in triplicate for all sample extracts. The variation between several analyses of the same sample did not exceed 2%.
Galanthamine identification was achieved using LC MS/MS. The ESI protonated molecular ion at m/z 288.16 was used as the precursor ion to obtain a product ion spectrum. Typical [19] MS fragments at m/z = 270, 231, 225 and 213 were observed. Electrospray ionization was carried out on a microTOF Q TM (Bruker Daltonics) apparatus.
